Abstract: This paper uses an acoustic emission (AE) test to examine the energy dissipation and liberation of coal and rock fracture due to underground coal excavation. Many dynamic failure events are frequently observed due to underground coal excavation. To establish the quantitative relationship between the dissipated energy and AE energy parameters, the coal and rock fracturing characteristics were clearly observed. A testing method to analyze the stage traits and energy release mechanism from damage to fracture of the unloading coal and rock under uniaxial compressive loading is presented. The research results showed that the relevant mechanical parameter discreteness was too large because the internal structures of the coal and rock were divided into multiple structural units (MSU) by a few main cracks. The AE test was categorized into four stages based on both the axial stress and AE event parameters: initial loading stage, elastic stage, micro-fracturing stage, and post-peak fracturing stage. The coal and rock samples exhibited minimum (maximum) U values of 60.44 J (106.41 J) and 321.19 J (820.87 J), respectively. A theoretical model of the dissipation energy during sample fracturing based on the AE event energy parameters was offered. The U decreased following an increase in ΣE AE-II /ΣE AE .
Introduction
An increasing number of coal mines exhibit deep-excavation status and require consideration attention due to the presence of mining problems that must be dealt with for increasing underground coal excavation depth increment [1] . More dynamic failure events, including rock burst in both the tunneling process and coal extraction, coal and gas outbursts, and mining-induced earthquakes, frequently occur and require the accurate prediction of all impending dynamic hazards [2] . A large number of engineering tests and experiments have indicated that coal fracture involves a sequence of micro-and macro-scale events, including initial crack deformation and propagation as well as macroscopic crack formation and propagation [3] . In addition, the dynamic failure of the coal is closely related to the mechanical mechanism of the coal under the mining unloading condition. Given the complexity of rock mechanics, research on the dynamic failure should emphasize energy concentration, storage, dissipation, and liberation. Many scholars have characterized the energy dissipation and liberation rules of void coal fracture using external loading. Zhao [4] proposed the minimum energy principle of the dynamic damage of the rock and indicated that authentic energy consumption during the dynamic failure was equal to the failure energy under the uniaxial stress status. Xie [5] indicated that rock deformation and damage combined the energy dissipation and liberation results. Xie also indicated the strength loss criterion based on the energy dissipation and the global failure criterion based on releasable strain energy. According to the dissipated energy by cyclic loading, Jin [6] offered a theoretical calculation equation for the damage variable and the determination of the damage threshold from the perspective of the material damage variable defined by the energy dissipation. Li [7] applied damage to the rock crushing stage and used a fatigue damage iterative relational expression under the action of stress waves to the rock post-destruction stage to generate a quantitative relationship between the impact energy, rock damage, and fragmentation distribution. Li [8] established the energy identification criterion of the mesoscopic rock failure by using the strain energy density theory. The criterion was also applied in the failure simulation of the Brazil split test and intermediate crack tensile test.
Previous research [9, 10] has led to remarkable achievements in three aspects: (i) establishing the relationship between the rock unit damage and energy dissipation from a microscopic perspective; (ii) determining the rock constitutive relation based on energy dissipation; and (iii) understanding the failure and fracturing of the rock based on the releasable strain energy. However, few experimental studies on the quantitative rules of energy dissipation and the liberation of the coal and rock have accounted for the excavation conditions have been conducted.
As a specific monitoring method, the acoustic emission (AE) method [11] [12] [13] [14] [15] [16] has obvious advantages in studying both the damage-fracturing characteristics and energy dissipation-liberation of the coal and rock under complex the excavation conditions. Tang [17] established a hypothesis and a frame of a numerical simulation based on the rock AE regularity, and offered the distribution of the temporal-spatial sequence. With the deep rock burst process simulation system, He [18] examined the AE waveform and frequency traits of limestone rock burst under the true triaxial unloading condition. Feng [19] investigated the chemical erosion characteristics of rock fracturing in various rock AE tests with different stress settings, the results of which revealed the mechanisms of the rock physical-mechanical properties and crack propagation at different stress settings and chemical circumstances. Ji [20] offered the AE signal frequency characteristics under various rock-fracturing stages based on granite uniaxial compressed testing. By using a AE monitoring system, Zhao [21] studied the granite failure with prefabricated cracks under uniaxial compressed loading, thereby quantitatively establishing the three-dimensional evolution model of the internal microcrack and the regularity of the AE events with respect to both the loading time and its values.
Previous related research focused on AE regularity during rock fracturing under diverse loading conditions, the Kaiser effect theory, and the AE application. From the perspective of macroscopic energy conservation, however, a correlation must be established between the energy dissipation of the coal and rock, and the accumulated values of the periodical acoustic wave energy during the coal and rock fracturing to generate a mechanical mechanism on the degree of coal and rock fracturing.
In this paper, an AE test was developed to examine energy dissipation and liberation of coal and rock fracture under complex excavation conditions to generate a quantitative regularity between the dissipated energy of the coal and rock and the AE energy parameters. This regularity would not only characterize the coal and rock fracturing characteristics, but also would uncover the catastrophic mechanism of coal and rock fracturing. The results can provide a theoretical basis for the design and construction of rock engineering excavation in deep well circumstances.
Test Scheme

Crustal Stress Setting and Physical Property Analysis
The Wudong colliery in the Urumchi coal field served as the study area. The Urumchi coal field is located in northern part of Tianshan Mountain, and there are 33 available coal-bearing strata there from the Xishanyao group of the Jurassic Period (Figure 1 ). The total thickness of the coal seams in the study area was 50 m, and the angle ranged from 65 • to 87 • , with an average angle of about 86 • . Table 1 introduces the roof and floor values of the seams in B [3] [4] [5] [6] . Figure 2 shows the thicknesses and spans of the seams from B 3 to B 6 . Thereafter, there were many interbeds in B [4] [5] , and their thicknesses were between 0.15 and 0.20 m. The petrographic compositions of B [3] [4] [5] [6] are also shown in Table 1 . Over 95% of maceral composition of the coal are Vitrinite and Inertinite, so microlithotype of the coal is vitrinertite. On account of the vitrinertite and some pyrite being associated with the coal seams, the coal has a short spontaneous combustion cycle in the study area. However, both coal dust and methane pose low explosive hazards. 95% of maceral composition of the coal are Vitrinite and Inertinite, so microlithotype of the coal is vitrinertite. On account of the vitrinertite and some pyrite being associated with the coal seams, the coal has a short spontaneous combustion cycle in the study area. However, both coal dust and methane pose low explosive hazards. All the presented coal and rock samples in this paper were collected from the southern lane of the Wudong coal mine in the Urumchi coal field, specifically the top coal caving face at the No. 45 coal seam at the +500 m level. The KJ743 coal mine geostress monitoring system was used to collect real-time stress data. Figure 2a Both the axial and radial stresses of the coal were zero following in-situ sampling. Following sampling, the samples were immediately returned to the Laboratory of Western Mines and Hazard Prevention, Ministry of Education of China for preparation with the plastic package. The rock was composed of siltstone with a small quantity of mudstone and argillaceous sandstone. The rock exhibited a relatively uniform particle size that varied from 0.30 to 0.90 mm with an average particle size of 0.70 mm. The fracture of the coal was like fine granulated sugar. The coal sample surface was fresh with a few apparent protogenetic cracks. The coal sample was prepared in strict accordance with the IRTM method recommended by the International Society for Rock Mechanics (ISRM) and the samples were cubes with side lengths equal to 60 mm following cutting in triplicate [22] . The surface was carefully ground without remarkable flaws. Moreover, both the nonparallelism and nonperpendicularity errors were less than 0.05 mm. Figure 3 presents the quartile statistical results of geometric dimensioning in the three orientations of the coal. Although a slightly discrepancy was observed in the finished sizes, the mean value of error did not exceed 1.0 mm.
In the AE test, seven coal and rock samples were employed, and the serial numbers of the samples were respectively from LXMT-01 to LXMT-07 for the coal samples and from LXYT-01 to LXYT-07 for the rock samples. The variable coefficients of all the parameters were within 5%, thereby indicating that the physical properties of the samples were well-consistent and validating the applicability of the samples in the follow-up experiments (refer to the Appendix A). Both the axial and radial stresses of the coal were zero following in-situ sampling. Following sampling, the samples were immediately returned to the Laboratory of Western Mines and Hazard Prevention, Ministry of Education of China for preparation with the plastic package. The rock was composed of siltstone with a small quantity of mudstone and argillaceous sandstone. The rock exhibited a relatively uniform particle size that varied from 0.30 to 0.90 mm with an average particle size of 0.70 mm. The fracture of the coal was like fine granulated sugar. The coal sample surface was fresh with a few apparent protogenetic cracks. The coal sample was prepared in strict accordance with the IRTM method recommended by the International Society for Rock Mechanics (ISRM) and the samples were cubes with side lengths equal to 60 mm following cutting in triplicate [22] . The surface was carefully ground without remarkable flaws. Moreover, both the nonparallelism and non-perpendicularity errors were less than 0.05 mm. Figure 3 presents the quartile statistical results of geometric dimensioning in the three orientations of the coal. Although a slightly discrepancy was observed in the finished sizes, the mean value of error did not exceed 1.0 mm.
In the AE test, seven coal and rock samples were employed, and the serial numbers of the samples were respectively from LXMT-01 to LXMT-07 for the coal samples and from LXYT-01 to LXYT-07 for the rock samples. The variable coefficients of all the parameters were within 5%, thereby indicating that the physical properties of the samples were well-consistent and validating the applicability of the samples in the follow-up experiments (refer to the Appendix A). Figure 4 shows the AE testing scheme of coal and rock fracturing with uniaxial compression. The WE-10 rock mechanics testing machine was used in the experiment for both the AE and energy dissipation regularities during the coal fracturing process. The loading mode was the displacement control at a loading velocity of 0.1 mm/min, which complied with a series of ISRM experimental procedures. The prepared samples with the No. 40Cr alloy steel rigid cushions had a side length of 70 mm and a thickness of 10 mm. The top and bottom were placed in the testing machine. In the axial orientation, the sample was loaded until it exhibited failure due to axial unloading. The real-time loading values and the corresponding axial deformation were automatically acquired from the testing machine. This paper offers an SDAES7.5 AE instrument to record the acoustic wave energy in various stages during sample fracturing. All the energy data was applied to characterize the energy dissipation and liberation mechanism of the coal. The AE sensor was coupled with the sample using Vaseline. To minimize the interference of the external acoustic sources, the AE parameters were determined after adjusting the threshold value several times. In the experiment, real-time AE monitoring was employed to monitor synchronization with the external loading. Figure 4 shows the AE testing scheme of coal and rock fracturing with uniaxial compression. The WE-10 rock mechanics testing machine was used in the experiment for both the AE and energy dissipation regularities during the coal fracturing process. The loading mode was the displacement control at a loading velocity of 0.1 mm/min, which complied with a series of ISRM experimental procedures. The prepared samples with the No. 40Cr alloy steel rigid cushions had a side length of 70 mm and a thickness of 10 mm. The top and bottom were placed in the testing machine. In the axial orientation, the sample was loaded until it exhibited failure due to axial unloading. The real-time loading values and the corresponding axial deformation were automatically acquired from the testing machine. This paper offers an SDAES7.5 AE instrument to record the acoustic wave energy in various stages during sample fracturing. All the energy data was applied to characterize the energy dissipation and liberation mechanism of the coal. The AE sensor was coupled with the sample using Vaseline. To minimize the interference of the external acoustic sources, the AE parameters were determined after adjusting the threshold value several times. In the experiment, real-time AE monitoring was employed to monitor synchronization with the external loading. Figure 4 shows the AE testing scheme of coal and rock fracturing with uniaxial compression. The WE-10 rock mechanics testing machine was used in the experiment for both the AE and energy dissipation regularities during the coal fracturing process. The loading mode was the displacement control at a loading velocity of 0.1 mm/min, which complied with a series of ISRM experimental procedures. The prepared samples with the No. 40Cr alloy steel rigid cushions had a side length of 70 mm and a thickness of 10 mm. The top and bottom were placed in the testing machine. In the axial orientation, the sample was loaded until it exhibited failure due to axial unloading. The real-time loading values and the corresponding axial deformation were automatically acquired from the testing machine. This paper offers an SDAES7.5 AE instrument to record the acoustic wave energy in various stages during sample fracturing. All the energy data was applied to characterize the energy dissipation and liberation mechanism of the coal. The AE sensor was coupled with the sample using Vaseline. To minimize the interference of the external acoustic sources, the AE parameters were determined after adjusting the threshold value several times. In the experiment, real-time AE monitoring was employed to monitor synchronization with the external loading. 
Experimental Facility and Monitoring Technique
Coal Fracturing Mechanism
The characteristics of progressive failure were obvious with typical nonlinear deformation characteristics, especially the rock sample [23] [24] [25] [26] [27] . The basic mechanical parameters of all the samples are presented in Table 2 . Here, σ p and σ r represent the peak and residual strengths, respectively. ε p represents the strain value corresponding to the peak strength. E t and E b represent the elastic and deformation moduli, respectively. In particular, E t is the average slope of the approximate linear part in the curves. In addition, E b represents the stress-strain ratio at the point where the stress value was 50% that of the peak strength. All the presented strain values are the means of the experimental values. According to the Appendix A, the basic mechanical parameters exhibited large discreteness values due to a significant difference in the internal sample structures of the various sampling positions. As compared to normal isotropic materials, the internal structure of the coal and rock was divided into multiple structural units (MSU) by a few main cracks, which significantly affected the sample strength. The stress-strain curves exhibited a smooth monotonic increase at the onset of the AE test. The loading value of each MSU during the AE test ceaselessly exceeded its failure strength limit following an increase in the external loading. Therefore, essential differences were observed in the mechanical response characteristics and deformation characteristics of the coal and rock as compared to those of other materials. When the curves exhibited a smooth monotonic increase, the main cracks in both the coal and rock samples started to close due to the influence of external loading. Following a continuous increase in the external loading, the MSU with minimum of failure strength limit presented a yielding state, thereby generating a rapid decrease in the bearing capacity of the MSU until the bearing capacity was equal to zero, which was the threshold of the nonlinear constitutive relationship of the coal and rock.
A further increase in the axial loading resulted in the persistent destruction of the other MSU. The failure of samples was presented as progressive failure. When the external loading exceeded the maximum bearing capacity, the samples exhibited macroscopic fracturing and destabilization. We defined the MSU with a maximum bearing capacity as the primary MSU, of which the primary MSU exhibited the greatest influence on the characteristics of the coal and rock fracturing. Moreover, the bearing capacity of the primary MSU was equal to the peak strength in the stress-strain curve. Following the destruction of the primary MSU, the axial stress level of the samples kept decreasing and the MSU with minimum bearing capacity initially exhibited an integral yield. The other MSU then started to release without yielding phenomena. In conclusion, the post peak-point exhibited a weakened yield in the local area of the coal and rock, which were defined as the local distortion characteristics of the coal and rock. Therefore, the strain value after the peak point should only consider the plastic strain of the local yielding weakening region.
The yield, damage, and failure of the coal and rock essentially exhibited energy dissipation and liberation [28] [29] [30] . The energy being dissipated with the sample failure, U, may be defined as the work done to the coal by the mechanical testing machines under continuous axial loading condition, as defined by Equation (1) as follows:
where L, S, and V represent the side length, bottom area, and volume, respectively; and Ψ represents the dissipated energy per unit volume of the samples, where Ψ is equal to the corresponding area of the stress-strain curve and has a unit of MJ/m 3 . Figure 5 presents the quantitative relation of the AE event parameters between the axial stress and time sequence. The whole AE test was categorized into four stages based on both the axial stress and AE event parameters:
(1) Initial loading stage (I). The stress-time curve exhibited a horizontal trend at the stage, and dU/dt, wherein the gaining rate of dissipated energy exhibited an obvious increase. The internal original cracks began to close under the loading condition and the mechanical characteristics tended to exhibit a quasi-isotropic status. The coal and rock samples exhibited stage durations of 25-30 s and 10-18 s, because the internal structure of the rock sample was simpler with fewer cracks and a structural plane. The AE counting number was smallest in all the stages and the Kaiser point of the partial coal samples was observed at this stage.
(2) Elastic stage (II). The samples were regarded as elastic medium at the beginning, and the σ-t curve exhibited an approximately linear trend at this stage. dU/dt was maintained steady on the whole. The coal and rock samples exhibited roughly similar stage durations of 25 s and 20 s, respectively. The samples started to transform from an elastomeric to elastic-plastic material following a gradual increase in the axial loading. Some partial mutations were observed in the σ-t curve, especially the curve of the rock sample. The possible sudden instability of the main crack in the rock may have generated overall structural distortion. In addition, the AE counting number increased in each subsequent stage and most of the samples exhibited the Kaiser point during the elastic stage.
(3) Micro-fracturing stage (III). The samples were regarded as plastic media and the σ-t curve exhibited a concave shape with a greater slope. However, dU/dt exhibited an initial decrease in the micro-fracturing stage following an increase in the time sequence. This stage exhibited the longest duration, and the coal and rock samples exhibited durations of about 70 s and 30 s, respectively. The loading resistance of the coal sample to the axial loading was poor as compared to the rock sample and the axial loading was proportional to the time sequence. In addition, dU/dt was maintained steady. Due to the specific structural characteristics of the rock, the primary MSU played a dominating role in resisting the axial loading. In addition, the progressive failure was observed in the rock σ-t curve. Before and after the arrival of the peak point, the curve exhibited dentate fluctuation because the secondary MSU opposed the axial loading. The AE counting number increased sharply near the peak point and presented the maximum AE counting number.
(4) Post-peak fracturing stage (IV). The structures of the samples were completely destroyed. The σ-t curve dropped suddenly and then exhibited persistent fluctuation near the peak point. On behalf of the more intact structure of the rock sample, the residual stress of the rock sample was so large that the rock sample easily opposed the external loading. An obvious reduction in dU/dt was observed at the peak point. A shorter duration of approximately 15-25 s was observed. Large-scale mesoscopic deformation and macroscopic fracturing was observed within a short time, and the AE counting number was observed in the last increment at a lower increment rate. Table 3 lists all the energy parameter data, including U, Ψ, Kt, and EAE, wherein Kt represents the accumulated elastic strain energies when the axial stress was equal to the peak value, and Kt is equal to σp 2 /2Et. Here, Et is defined as the elasticity modulus of the samples based on the description of the sample deformation trait. As an important mechanical index, Kt was usually provided to assess the dynamic failure events caused by underground coal excavation. Furthermore, EAE represents the acoustic wave energy. According to analysis of the energy data in Table 2 , the quantitative correlation between Ψ and EAE-II/ΣEAE is defined as follows:
Analytical Discussion
where ΣEAE defines the accumulated energy of the acoustic waves from the samples by AE (J); EAE-II is the accumulated energy of the acoustic waves in the elastic stage (J); and EAE-II/ΣEAE defines the percentage of the two above energy parameters ratios. In addition, a and b are both material parameters. Equation (2) was compiled as Equation (3). By means of the least square method, a linear relation between ln(Ψ/Kt) and EAE-II/ΣEAE was established to define the material parameters.
Each point (ln(Ψ/Kt), EAE-II/ΣEAE) was drawn in the coordinate system and observed using the relevant fitted curve. All the points exhibited a near-linear line, thereby allowing the adoption of the linear function. The square difference (χ) between the measured (Yi) and calculated values (Yj) Table 3 lists all the energy parameter data, including U, Ψ, K t , and E AE , wherein K t represents the accumulated elastic strain energies when the axial stress was equal to the peak value, and K t is equal to σ p 2 /2E t . Here, E t is defined as the elasticity modulus of the samples based on the description of the sample deformation trait. As an important mechanical index, K t was usually provided to assess the dynamic failure events caused by underground coal excavation. Furthermore, E AE represents the acoustic wave energy. According to analysis of the energy data in Table 2 , the quantitative correlation between Ψ and E AE-II /ΣE AE is defined as follows:
where ΣE AE defines the accumulated energy of the acoustic waves from the samples by AE (J); E AE-II is the accumulated energy of the acoustic waves in the elastic stage (J); and E AE-II /ΣE AE defines the percentage of the two above energy parameters ratios. In addition, a and b are both material parameters. Equation (2) was compiled as Equation (3). By means of the least square method, a linear relation between ln(Ψ/K t ) and E AE-II /ΣE AE was established to define the material parameters.
ln Each point (ln(Ψ/K t ), E AE-II /ΣE AE ) was drawn in the coordinate system and observed using the relevant fitted curve. All the points exhibited a near-linear line, thereby allowing the adoption of the linear function. The square difference (χ) between the measured (Y i ) and calculated values (Y j ) fulfilled the optimization criterion following the application of the least square method. Supposing a 0 is equal to 1/b, Equation (3) can be substituted into the optimization criterion as Equation (4).
Equation (4) exhibits the minimum, such that the partial derivatives of χ to both a and a 0 are equal to zero, as presented in Equations (5) and (6) .
The following equations define an equation set for a and a 0 ,
where n is equal to 7. The equation solutions are as follows:
The data from Table 3 were inserted into Equations (9) and (10) to obtain the material parameter solutions shown in Table 4 . In addition, the relationship between ln(Ψ/K t ) and E AE-II /ΣE AE for the coal and rock samples was defined as follows: Both sides of Equation (2) were multiplied with the volume (L 3 ). Equation (12) defines the theoretical model on the dissipation energy during sample fracturing based on AE event energy parameters.
The coal and rock samples exhibited minimum (maximum) values of U of 60.44 J (106.41 J) and 321.19 J (820.87 J), respectively. Supposing U/L 3 K t =Y and ΣE AE-II /ΣE AE =X, Equation (12) can be changed altered as Equation (13) .
The derivative of both sides with respect to X was taken for Equation (13) , and the result is defined in Equation (14) .
where dY/dX must be less than zero to allow Equation (13) to be defined as a monotone descending function, thereby indicating that a decrease in U generates an increase in ΣE AE-II /ΣE AE . In the elastic stage, the dissipation energy was much lower that the work done by the testing machine was used for crack initiation and propagation. When the anisotropy of the samples was further increased, the deformation and fracturing velocity of the samples accelerated due to external loading. In both the micro-fracturing and post-peak fracturing stages, much of the work done by the testing machine transformed into more acoustic waves that were received by the AE instrument. Moreover, the other work was dissipated by the macroscopic cracks and the structure friction.
Conclusions
(1) The relevant mechanical parameter discreteness was too large because the internal structure of the coal and rock was divided into multiple structural units (MSUs) due to the presence of a few main cracks. The MSU with the maximum bearing capacity was defined as the primary MSU, and the maximum bearing capacity was equal to the peak strength of the stress-strain curve. The post peak-point exhibited yielding weakening in the local area of the coal and rock, which defined the local distortion characteristics of the coal and rock. The strain value after the peak point should only consider the plastic strain of the local yielding weakening region.
(2) The entire acoustic emissions (AE) test was categorized into four stages based on both the axial stress and AE event parameters: initial loading, elastic, micro-fracturing, and post-peak fracturing stages. The coal and rock samples exhibited minimum (maximum) values of U of 60.44 J (106.41 J) and 321.19 J (820.87 J), respectively.
(3) A theoretical model on the dissipation energy during sample fracturing based on AE event energy parameters was offered. A decrease in U was observed following an increase in ΣE AE-II /ΣE AE .
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Appendix A
In the AE testing, Table below presents the specific conditions of the physical propertiesAE tests, including the sample mass, sample dimension, and surface appearance. Equations (A1)-(A3) can be used to analyze the discreteness of all the physical parameter, of which the corresponding calculation results are listed in Table A1 .
where X is the mean value, E is the standard difference, and ζ is the variable coefficient. 
